Selection of mutants by the reverse genetic approach is a useful tool for gene function analysis and crop improvement. TILLING (Targeting Induced Local Lesions in Genomes), in which mutants are selected from the progeny of EMS-treated plants by the SNP analysis using heteroduplex cleavage enzyme from celery, has been applied to various plant species. Since gamma-ray-induced point mutations have not been identified by the reverse genetic approach, we attempted to select mutants from a population of the gamma-ray-irradiated rice. A heteroduplex between wild-type DNA and mutant DNA was cleaved by an endonuclease extracted from petioles of Brassica rapa, and cleaved DNA was detected using agarose gel electrophoresis. M 2 plants derived from 2,130 M 1 plants irradiated by gamma rays were used for the screening of mutants having nucleotide changes in 25 regions from 1.0 kb to 1.5 kb. Six mutations were identified and the rate of mutation induced by gamma rays was estimated to be one mutation per 6,190 kb. Four of the mutations were single nucleotide substitutions and two were 2-bp and 4-bp deletions. These results suggest that the point mutation rate with gamma rays was quite lower than that with EMS, but that the rate of knockout mutations among detected mutations generated by the gamma-ray irradiation was higher than that by the EMS treatment.
Introduction
The reverse genetic approach to elucidate gene function has become important as a consequence of the progress of genome projects on various plant species. In Arabidopsis, T-DNA insertional mutagenesis is the main tool for reverse genetics. Endogenous retrotransposon Tos17 in rice, which is activated under certain tissue and cell culture conditions (Hirochika et al. 2001) , has been used for the induction of mutation. RNAi is also commonly used as a tool for suppression of gene expression in reverse genetics (Waterhouse et al. 1998) and is suitable for the study of multiple gene families. However, throughput with RNAi is limited because of the required laborious plant transformation experiment, and the result obtained with this RNAi technique is not as clear as that obtained with a knockout mutant having an insert or deletion mutation.
Recently, a powerful new reverse genetic tool named TILLING (Targeting Induced Local Lesions in Genomes) has been developed (McCallum et al. 2000) . The principle of this technique is the PCR-based screening of mutants from a population treated with chemical mutagens, such as ethylmethanesulfonate (EMS) by enzymatic cleavage of heteroduplex DNA using CEL 1 (Colbert et al. 2001) . TILLING has been successful in Arabidopsis (Greene et al. 2003) , wheat (Slade et al. 2005) , zebrafish (Wienholds et al. 2003) and rat (Smits et al. 2004) . In wheat, this method has been shown to possess great potential for crop improvement (Slade et al. 2005) .
Most gamma-ray-induced mutations have been reported to be large deletions of up to 6 Mb or even more, which are not transmitted to the next generation (Naito et al. 2005) . To our knowledge, application of the reverse genetic approach for the characterization of point mutations induced by gamma rays has not been reported. If most of the mutations induced by the gamma rays are deletions, truncation mutations can be efficiently acquired by the reverse genetic approach.
Cleavage of a heteroduplex between wild type and mutant DNA fragments has been achieved using the plant endonuclease CEL I extracted from celery. Endonucleases such as CEL I exist in various plant species (Oleykowski et al. 1998) . We attempted to screen a population of gamma-rayirradiated rice using an endonuclease extracted from petioles of Brassica rapa, which can be easily obtained all year round. 
Materials and Methods

Plant materials and DNA isolation
Seeds of the japonica rice cultivar 'Koshihikari' were irradiated with 500 Gy of gamma rays for one hour. M 2 plants derived from 2,130 M 1 plants, one M 2 plant per M 1 plant, were used for the screening of mutants. Leaves of five M 2 plants were bulked and DNA was extracted from the bulked leaves by the method of Edward et al. (1991) . Rice waxy mutants having point mutations (N18, N32, R52, R65) (Sato and Nishio 2003) were used for evaluation of the mutation screening system.
Preparation of Brassica petiole extract (BPE) and celery juice extract (CJE)
Soluble proteins were extracted from 50 g of Brassica rapa petioles with 30 ml extraction buffer (100 mM Tris-HCl pH 7.5, 200 µM phenylmethylsulfonyl fluoride). After centrifugation for 20 min at 3,000 g, (NH 4 ) 2 SO 4 was added to the supernatant to obtain 25% saturation, and mixed for 30 min at 4°C. After centrifugation for 30 min at 13,000 g at 4°C, (NH 4 ) 2 SO 4 was again added to the supernatant to obtain 80% saturation, and mixed for 30 min at 4°C. The extract was centrifuged for 40 min at 13,000 g at 4°C. The resulting pellet was solubilized with 100 mM Tris-HCl (pH 7.5) and the solution was dialyzed with 100 mM Tris-HCl (pH 7.5). The dialyzed solution was named BPE. CJE was prepared according to the method of Till et al. (2004) . Optimum concentrations of BPE and CJE were estimated by serial dilutions to determine which concentrations yielded the clearest bands of heteroduplex cleavage.
Detection of point mutations of rice waxy mutants
Leaves of each mutant line were mixed with nine volumes of wild-type leaves and used for DNA extraction. Point mutations of R52 and N32 were detected using the primer pair wx4-2F (5′-ATGCTTGTTCTTGCCATACC-3′) and wx5-1R (5′-ATACCAGAAGAACGATCTGG-3′). In mutation detection of N18 and R65, the primer pair wx5-877 (5′-TAGTCCACCACCTTGTGGAG-3′) and wx5-3R (5′-CATCATCAGCATCAGACAGG-3′) was used for PCR.
Screening of mutants
Primer pairs used for DNA amplification by PCR were selected from CAPS markers published by Rice Genome Research Program (http://rgp.dna.affrc.go.jp/) (Table 1) . DNA, 20 ng, was mixed with 1 µl of 10 × Ex Taq buffer (TaKaRa Biomedicals, Japan), 1 µl of 2.5 mM dNTP, 0.5 µl of 20 µM primers, 0.05 µl of 5 U/µl Ex Taq DNA polymerase (TaKaRa Biomedicals), and H 2 O to give a final volume of 10 µl. DNA was amplified under the following thermal cycling conditions: one cycle at 94°C for 1 min; 40 cycles of a 30-s denaturation at 94°C, a 30-s annealing at 60°C and a 75-s extension at 72°C; and a final extension at 72°C for 3 min. PCR products were heated at 98°C for 5 min, and then the temperature was lowered to 85°C for 2 min, 65°C for 1 min, 55°C for 1 min, 45°C for 1 min, and 25°C to form heteroduplexes. The sample DNA was mixed with 6 µl of 5 × cleavage buffer (50 mM HEPES pH 7.5, 50 mM KCl, 50 mM MgSO 4 ), 0.6 µl of 0.1% Triton-X-100, 0.6 µl of 0.1% BSA, and 1 µl of BPE or CJE. The mixture was incubated for 15 min at 45°C, and 2.5 µl of 500 mM EDTA was added to stop the nuclease reaction. The samples were electrophoresed on 2% agarose gel in 0.5 × TBE buffer containing SYBR Green I Nucleic Acid Gel Stain (Cambrex Bio Science Rockland, Inc.) using an electrophoretic apparatus (NB-1017C; NIHON EIDO, Japan), which can analyze 288 samples at a time. Cleaved DNA was detected with a UV transilluminator (ATTO, Japan).
Results
Evaluation of the screening method Point mutations in four waxy mutants (N18, N32, R52, R65) were analyzed for the evaluation of a mutation detection system using electrophoresis in agarose gel stained with SYBR Green I. N18, R52, and R65 have transition mutations, and N32 has 1-bp nucleotide deletion in the Wx gene ( Fig. 1) (Sato and Nishio 2003) . The region amplified by the primer pair of wx4-2F and wx5-1R showed a low level of non-specific cleavage by BPE and CJE, and that amplified by wx5-877 and wx5-3R showed a higher level of nonspecific cleavage (Fig. 2) . The point mutations of N32, R52 and N18 were clearly detected using BPE and CJE, while that of R65 was detected with low signals. These results indicate that one heterozygous mutant among five plants can be identified with this detection system but that the detection of point mutations near the end of DNA fragments such as R65 is difficult. BPE was found to detect point mutations at a sensitivity as high as that of CJE.
Screening of mutants from gamma-ray-irradiated rice population
Pooled DNA derived from five M 2 plants was used for mutant screening (Fig. 3) . In the mutant selection from 426 pooled DNAs corresponding to 2,130 M 2 plants using the 25 primer pairs (Table 1) , six pooled DNAs showed specific cleavage by BPE. Individual DNA, which was in the pooled DNA, was sequenced for identification of mutations. 310 was in the 3′ non-coding region. The full-length cDNA sequences of the genes whose mutations are possessed by M-211 and M-301 have not been published. According to the annotation of the gene (AP003683), the mutations of M-211 and M-301 are considered to be in an exon and an intron, respectively.
Discussion
Simple system for mutant screening In the present study, we used a crude protein preparation containing an endonuclease of B. rapa. BPE was found to have similar ability for detection of mutants as CJE. TILLING has usually been conducted using the LI-COR gel analyzer system (Lincoln, NE; Middendorf et al. 1992) , which requires an initial investment. We used agarose gel containing SYBR Green I for the detection of mutation and were able to select six mutants. This detection system may have a lower sensitivity for the detection of point mutations than the system using the LI-COR gel analyzer, while our system was found to be sufficiently sensitive to detect point mutations of DNA fragments diluted to 1/10 with wild-type DNA. Therefore, pooled DNA of five M 2 plants was used in this study, while that of eight M 2 plants was used in the TILLING system (Till et al. 2004) . However, the method of electrophoresis in our system was much simpler than that in the TILLING system, and one person was able to screen about 4,300 M 2 plants in one day using one electrophoretic apparatus.
Mutations induced by gamma-rays
EMS-induced mutations in Arabidopsis have been estimated at a rate of one mutation per 170 kb (Greene et al. 2003) . Hexaploid wheat treated with EMS has been reported to have approximately one mutation per 24 kb (Slade et al. 2005) . The mutation frequency of EMS-treated rice has been reported to be one mutation per 1,000 kb to 2,000 kb (Wu et al. 2005) . The average size of the 25 tested regions was 1.23 kb. In our screening system, mutations in the regions of about 150 bp from each end of PCR products are thought to be undetectable because of the low resolution and the low sensitivity of agarose gel electrophoresis. Therefore, the average size of the regions analyzed in this study was estimated to be 0.93 kb, and the total analyzed length was estimated to be 25 × 0.93 × 2130 = 49,523 kb. Since one M 2 plant was used for the mutation screening, one fourth of mutants were overlooked. The rate of mutation was calculated to be one mutation per 6,190 kb. The mutation rate was quite lower than those of EMS-treated rice. Since gamma rays have been reported to induce large deletions of up to 6 Mb or more (Naito et al. 2005) , this low mutation rate is thought to be due to the high lethality of gamma rays. Furthermore, large deletions induced by gamma rays might not be detected in our screening system. Actual rate of mutations induced by gamma rays may be higher than the rate shown in this study. The M 2 population used for this screening was derived from M 1 plants treated with the acute irradiation of gamma rays. Different conditions of irradiation, i.e., acute irradiation and chronic irradiation, may affect the rates of mutations.
Almost all (99%) mutations induced by EMS have been found to be G/C-to-A/T transition mutations and the rate of truncation mutations was 4.9% in the detected mutations (Greene et al. 2003) . We have previously found one mutation with 4-base deletion from a population of gammaray-irradiated rice using PCR-RF-SSCP (unpublished data), which is another highly effective method to detect SNPs and a reverse genetic tool to screen mutations (Sato and Nishio 2003, Shirasawa et al. 2004) . Another mutant having a 4-bp deletion was also found using a population of gamma-rayirradiated 'Hitomebore' in our screening system (data not shown). In addition to these two mutations, six mutations induced by gamma rays were identified in the present study. Half of the point mutations induced by gamma rays were deletion mutations, which can cause frame-shift if they are in an exon. The point mutation rate by gamma rays was quite lower than that by EMS, but the detection rate of knockout mutations among mutations induced by gamma-ray irradiation was much higher than that in EMS treatment. Since the nucleotide sequencing of mutant genes is labor intensive and costly, the gamma-ray irradiation may be more efficient than EMS treatment for the selection of knockout mutations. If various alleles including those of leaky mutations are required, chemical mutagens such as EMS may be more suitable than gamma rays.
